Trypanosoma cruzi replicates in nucleated cells and is susceptible to being killed by gamma interferonactivated macrophages through a mechanism dependent upon NO biosynthesis. In the present study, the role of platelet-activating factor (PAF) in the induction of NO synthesis and in the activation of the trypanocidal activity of macrophages was investigated. In vitro, PAF induced NO secretion by T. cruzi-infected macrophages and the secreted NO inhibited intracellular parasite growth. The addition of a PAF antagonist, WEB 2170, inhibited both NO biosynthesis and trypanocidal activity. The inducible NO synthase/L-arginine pathway mediated trypanocidal activity, since it was inhibited by treatment with L-N-monomethyl arginine (L-NMMA), an L-arginine analog. PAF-mediated NO production in infected macrophages appears to be dependent on tumor necrosis alpha (TNF-␣) production, since the addition of a neutralizing anti-TNF-␣ monoclonal antibody mAb inhibited NO synthesis. To test the role of PAF in mediating resistance or susceptibility to T. cruzi infection, infected mice were treated with WEB 2170, a PAF antagonist. These animals had higher parasitemia and earlier mortality than did vehicle-treated mice. Taken together, our results suggest that PAF belongs to a group of mediators that coordinate the mechanisms of resistance to infections with intracellular parasites.
Infection with the protozoan flagellate Trypanosoma cruzi causes Chagas' disease, a major public health problem in many Latin American countries. Infection of mice with T. cruzi is a widely used model in the study of the pathophysiological mechanisms underlying the disease and host protection. There is evidence to suggest a central role for macrophage-derived nitric oxide (NO) in mediating resistance to T. cruzi infection (12, 23, 29) . In macrophages, NO is generated from the guanidino nitrogen atom of L-arginine by an inducible NADPHdependent enzyme, NO synthase (NOS) (19) (20) (21) . The inducible isoform of NOS, iNOS, is induced in macrophages by cytokines such as gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) (9, 10) .
The lipid mediator platelet-activating factor (1-o-alkyl-2-acetyl-sn-glyceryl-3-phosphorocholine) (PAF) is produced by a variety of inflammatory cells, including macrophages, neutrophils, basophils, eosinophils, platelets, and endothelial cells (3, 4, 7, 18) . PAF has been implicated in a number of pathological conditions, including endotoxic shock, thrombosis, allergic reactions, and a variety of other inflammatory diseases (3, 8, 14, 15) . More recently, a few studies have demonstrated that PAF is also capable of activating monocytic cells to express iNOS and produce NO (28) . The PAF-induced NO production in macrophages appears to have tumoricidal activity in vitro (13) . Interestingly, the endogenous release of PAF appears to play an important role in the production of NO following the activation of murine macrophages with LPS (28) .
In the present study, we have investigated whether PAF plays a role in mediating resistance against T. cruzi infection both in vitro and in vivo. Our results show that PAF-activated macrophages release NO that leads to trypanocidal activity and suggest a role for endogenous PAF in mediating protection against T. cruzi infection in mice.
MATERIALS AND METHODS
Experimental animals. Female BALB/c or C3H/HeJ mice, 6 to 8 weeks old, were bred and maintained under standard conditions in the animal house of the Department of Immunology, University of São Paulo, Ribeirão Preto, São Paulo, Brazil.
Parasites and experimental infections. The Y strain of T. cruzi was used in all experiments. For experiments in vitro, trypomastigote forms were grown in and purified from the monkey kidney fibroblast cell line LLC-MK 2 . BALB/c mice were infected intraperitoneally with 10 4 blood-derived trypomastigote forms. Parasitemia levels in 5 l of blood obtained from the tail vein were measured as previously described (17) .
In vivo treatment with WEB 2170. Infected mice received an intraperitoneal injection of the PAF antagonist WEB 2170 (10 mg/kg; Boehringer, Ingelheim, Germany) or vehicle (phosphate-buffered saline; 10 ml/kg) 20 min prior to infection and then daily for the first 15 days postinfection as previously reported (22) . Parasitemia levels and mortality rates were evaluated throughout the acute phase of infection.
Macrophage cultures. C3H/HeJ and BALB/c mouse inflammatory macrophages were harvested from peritoneal cavities 3 days after the injection of 1 ml of 3% sodium thioglycolate (Difco Laboratories, Detroit, Mich.). The adherent cells were obtained after a 2-to 4-h incubation of single-cell suspensions in 24-well tissue culture plates at 37°C. The nonadherent cells were removed by exhaustive washing with Hanks' medium. Parasites were added in a 1:1 parasite: cell ratio with or without anti-TNF-␣ monoclonal antibody (MAb) (XT 22.11; 50 g/ml) and incubated for 6 h at 37°C in a humidified chamber containing 5% CO 2 . Culture supernatants were harvested 48 h later and stored at Ϫ20°C for later nitrite determination.
Microbicidal activity. Peritoneal macrophages were harvested from mice 3 days after injection of 1 ml of 3% (wt/vol) sodium thioglycolate (Sigma). The cells (10 6 /ml) were plated onto chamber slides (Nunc) and incubated overnight. Adherent cells were infected at a parasite-to-cell ratio of 1:1 for 120 min. Extracellular parasites were removed by six washes with RPMI 1640, and the cells were incubated at 37°C in 5% CO 2 in the presence or absence of various concentrations of PAF, lyso-PAF (Bachem Inc.), WEB 2170 (10 Ϫ5 to 10 Ϫ9 M), recombinant murine IFN-␥ (Life Technologies, Bethesda, Md.) (1 to 100 U/ml), or L-N-monomethyl arginine (L-NMMA; 200 mM) (Sigma). The supernatants were harvested and assayed for nitrite concentration. Growth of parasites in the macrophages was measured by counting the trypomastigotes released 5 days after the infection and by counting the intracellular amastigote forms 4 and 48 h postinfection, as previously described (25) .
NO quantification. The nitrite concentration in the culture supernatants was assayed in a microplate by mixing 0.1 ml of culture supernatant with 0.1 ml of Griess reagent (29) . The absorbance at 550 nm was read 10 min later, and the NO 2 Ϫ concentration was determined by reference to a standard curve of 1 to 100 M NaNO 2 .
Statistics. Statistical analysis of the differences between mean values obtained for experimental groups was done by Student's t test, and that for unpaired correlations was done by the Spearmon test.
RESULTS
PAF induces the production of NO in T. cruzi-infected macrophages. The addition of increasing concentrations of PAF (10 Ϫ9 to 10 Ϫ7 M) led to a significant production of NO in C3H/HeJ-derived macrophages infected with T. cruzi (Fig.  1A ). As seen in Fig. 2 , PAF alone induced little NO production but significantly synergized with T. cruzi infection to enhance NO levels. The levels of NO detected in response to PAF were markedly lower than those observed when infected macrophages were stimulated with IFN-␥ (Fig. 1B) . The effects of PAF were receptor mediated as assessed by measuring the inhibitory effects of the PAF receptor antagonist WEB 2170 on PAF-induced NO production (Fig. 3 ). In addition, the inactive metabolite of PAF, lyso-PAF, was ineffective in enhancing NO production by infected macrophages. PAF-induced NO production was abrogated by treatment with the NOS inhibitor L-NMMA (Fig. 3) . The levels of NO production by macrophages in the presence of WEB 2170 were markedly lower than in the presence of parasite alone (Fig. 3) . Similar results were obtained when BALB/c mouse macrophages were infected.
Pretreatment of infected macrophages with a neutralizing MAb raised against murine TNF-␣ effectively inhibited the production of NO in response to PAF. Similarly, the anti-TNF-␣ MAb blocked the low levels of NO produced by noninfected macrophages treated with PAF (Fig. 2) .
PAF-induced NO production controls the growth of T. cruzi in macrophages. To evaluate whether PAF could affect parasite growth, infected macrophages were stimulated in vitro with PAF and parasite growth was evaluated by counting intracellular parasites soon after infection (4 h postinfection) or 48 h postinfection. The addition of PAF to infected C3H/HeJderived macrophages resulted in a concentration-dependent inhibition of parasite growth (Fig. 4A ). For example, addition of 10 Ϫ7 M PAF caused a greater than 90% reduction in parasite count compared with the outcome of incubation with medium alone. Inhibition of parasite replication by macrophages treated with IFN-␥ is also shown for comparison (Fig.  4B) .
The inhibitory effects of PAF on parasite growth were counteracted by addition of a PAF antagonist, WEB 2170 (Fig. 5) . Moreover, the inactive metabolite of PAF, lyso-PAF, did not induce trypanocidal activity in C3H/HeJ-derived macrophages (Fig. 5) . A role for NO production in the trypanocidal activity of PAF was shown by using L-NMMA. This NOS inhibitor effectively reversed the ability of PAF to induce infected macrophages to kill T. cruzi (Fig. 5) . The number of parasites released by macrophages on day 5 after infection was also significantly inhibited (by more than 53%) when exogenous PAF (10 Ϫ7 M) was added (Fig. 6) . Similar results were obtained when BALB/c-derived macrophages were used. For comparison, addition of 100 U of recombinant IFN-␥ per ml inhibited parasite growth (99%), and IFN-␥ was significantly more effective than PAF in the control of parasite replication. Together, our in vitro results demonstrate the ability of exogenous PAF to induce both NO production and trypanocidal activity in infected macrophages.
The blockade of PAF receptors in an animal model of acute T. cruzi infection enhances parasitemia and animal death rates. Next we examined a role for PAF in a T. cruzi infection model in mice. BALB/c mice were treated daily with WEB 2170 or vehicle for 15 days during the acute phase of infection. Parasitemia and mortality were evaluated from days 5 to 15 postinfection. Treatment during the first 15 days postinfection resulted in a significant increase in parasitemia on days 7 and 8 compared with that in infected mice receiving vehicle only. On day 8, the parasitemia in WEB 2170-treated mice was 21-fold higher than that in vehicle-treated animals (Fig. 7A) . In addition, WEB 2170-treated mice had significantly lower survival rates than did vehicle-treated mice (Fig. 7B) . WEB 2170-treated animals had 100% mortality around day 24 after infec- tion, whereas vehicle-treated mice had 60% mortality at that time.
DISCUSSION
PAF is a membrane-derived phospholipid with widely recognized proinflammatory activities. PAF is produced and exerts its biological actions in a variety of cells, including neutrophils, eosinophils, lymphocytes, and macrophages. Moreover, it has been implicated in several systemic and organ-specific disorders, such as allergic inflammation and endotoxic shock (3, 7, 16) . However, much less is known about its role during infection, and, to our knowledge, there have been no studies evaluating the role of PAF during infections with the protozoan T. cruzi. It has been shown that PAF induces the production of NO in monocytic cells (28) and that NO derived from activated macrophages is cytostatic or cytotoxic for a variety of pathogens (20, 21) . In the present study, we evaluated the role of PAF in modifying T. cruzi infection both in vitro and in vivo.
Pretreatment of T. cruzi-infected macrophages from C3H/ HeJ or BALB/c mice with PAF induced NO production in a dose-dependent manner, although the production was lower than that induced by IFN-␥. PAF-induced NO production was shown to be inhibited by the PAF receptor antagonist WEB 2170, and lyso-PAF, an inactive metabolite, had no effect on NO production. Together, these two pieces of evidence suggest that a specific interaction between PAF and its receptor on the macrophage is responsible for the induction of NO synthesis.
The addition of a neutralizing anti-TNF-␣ MAb blocked the PAF-mediated NO production. One interesting possibility raised by these results is that PAF induces TNF-␣ synthesis, which, in turn, leads to iNOS induction and NO production in infected macrophages. In addition, the ability of WEB 2170 to inhibit the production of NO by T. cruzi-infected macrophages (Fig. 2 and data not shown) raises the possibility that PAF plays an essential role in signal transduction pathways necessary for NO production, possibly via induction of TNF-␣ (11). We are presently addressing these possibilities.
Since PAF increased NO production in infected macrophages, we investigated whether it could induce a cytotoxic or cytostatic effect on intracellular growth of T. cruzi. We found a direct correlation between the ability of PAF to induce NO production and its capacity to decrease intracellular parasite replication, since PAF-induced NO production and microbicidal activity were both inhibited by either WEB 2170 or L-NMMA. Moreover, the addition of lyso-PAF had no effect on intracellular parasite growth or NO production. Interestingly, we also found that PAF potentiates macrophage trypanocidal activity when added simultaneously with low doses of IFN-␥ (data not shown). These data suggest that PAF binding and signaling through a specific receptor lead to parasite killing via the NO pathway, in the early stages of parasite infection in vivo. These results are in agreement with the data showing an ability of PAF to induce NO production in different situation (27) ; however, they are the first to show the importance of PAF in resistance against T. cruzi infection in vitro.
To evaluate the role of PAF in the control of parasite replication in vivo, we treated T. cruzi-infected mice with WEB 2170, a PAF receptor antagonist. We found significantly higher parasitemia and earlier mortality in WEB 2170-treated mice, demonstrating a decreased resistance of these animals to infection with T. cruzi. Similar results were obtained with another PAF receptor antagonist, UK-74505 (data not shown). Since interleukin-12 (IL-12) is induced during T. cruzi infections (1) and this cytokine was found to be involved in the induction of PAF synthesis by polymorphonuclear cells and NK cells (2) , it seems reasonable to suggest that PAF is produced endogenously in T. cruzi-infected mice and, according to the results presented above, mediates resistance to the infection by controlling parasite replication. However, the role of T. cruziinduced IL-12 on PAF induction during in vivo infections remains to be elucidated. Recently, it has been shown that Candida albicans-infected mice produced PAF, which is involved in resistance to infection via production of TNF-␣ (15). Since NO is thought to be involved in the control of C. albicans replication, it is possible that the PAF-mediated resistance to infection with this fungus is mediated by NO, which is the end product of an activation cascade initiated by PAF and TNF-␣. The possible interaction between endogenously produced PAF and TNF-␣ in T. cruzi-infected mice is currently being investigated in our laboratories.
The results of the present study suggest that PAF is produced during T. cruzi infection and, together with parasiteinduced proinflammatory cytokines, including TNF-␣ (25), IFN-␥ (5, 24, 26), and IL-12 (1), mediates resistance to infection. Thus, neutralization of these proinflammatory cytokines or blockade of the PAF receptor leads to exacerbation of parasitemia and early death, suggesting that these molecules might be involved in the effector responses to the parasite. Another relevant issue concerns a possible role for PAF in acute myocarditis in T. cruzi-infected mice. Since this molecule is a chemoattractant for several leukocyte populations, it is possible that trypomastigote forms present in the heart induce PAF secretion, which in turn leads to inflammatory-cell infiltration and production of proinflammatory cytokines in this tissue (6) . Finally, it will be important to define a role for PAF during infection with other protozoa, such as Leishmania major and Toxoplasma gondii, for which protective responses are also dependent on NO production.
